Population dynamics of the woolly whitefly Aleurothrixus floccosus (Maskell) on sweet orange varieties in Nigeria and association of A. floccosus with the entomopathogenic fungi Aschersonia spp.
Introduction
Feeding pressure by certain species of leaf feeders contributes significantly to fruit yield decline in citrus production. Under severe infestation, diebacks and stand losses are often experienced. Furthermore, some leaf feeders transmit diseases and thus compound control initiatives. In Nigeria, the most important leaf feeders of established citrus orchards include whiteflies, scale insects, leaf miners and mites [1] . Among these pests, whiteflies contribute significantly to fruit yield losses during heavy infestations [2] [3] [4] . Adults and nymphs of whitefly cause damage by direct feeding on plant sap and, when present in large numbers, can cause leaf fall. Upsurge in population is usually associated with copious production of honeydew. The latter aids the development of sooty mould, which hampers photosynthesis [5] [6] [7] .
Among whiteflies present in Nigeria, the woolly whitefly Aleurothrixus floccosus (Maskell) had never been reported or identified on citrus and other horticultural crops. Its presence in Nigeria passed unnoticed due to the existence of other closely related species. The woolly whitefly has also been reported to attack other crops such as guava [8, 9] .
The immature stages (nymphs) are flattened and oval shaped, resembling scales. As they age, they cover themselves with "woolly" white waxy filaments. Four nymphal stages are undergone by the woolly whitefly. The first instar or crawler is about 0.3 mm in length; it is the only nymphal stage that is mobile. The second to fourth instars are sedentary; they will often be completely obscured by copious amounts or waxy filaments, droplets of honeydew, and cast skins. The fourth instar serves as the "pupal stage". It is about 0.6 mm in length. The morphology of this insect as described above has long-lasting significance on its control.
Insecticidal control of woolly whitefly sometimes proves difficult, especially with the fourth nymphal stage (pupa) and the surrounding waxy secretions because of restricted penetration of the insecticides.
Control can be enhanced by combining with light oil. It can also be improved by timing application at early instar stages. Visible control results can only be noticed after a period of about four weeks or more after the commencement of insecticide application. Therefore, control with insecticide may be quite expensive for small-scale farmers.
Some natural enemies (including entomopathogenic fungi) are known to check the population of these leaf pests [4, 10] . However, their impact is often hampered by human actions such as the indiscriminate application of broad-spectrum pesticides. Environmental factors are also known to influence the abundance and spread of many pests and their natural enemies. Notably, rainfall and relative humidity have been reported to influence woolly whitefly populations [11, 12] . Temperature also influences the population of many pests and their pathogens. However, in the case of the woolly whitefly, it played little role. Instead, it regulated the population of some parasites of the woolly whiteflies [13] .
The aim of our study was to monitor the population dynamics of the woolly whitefly A. floccosus and its entomopathogenic fungi Aschersonia spp. on sweet orange varieties and to assess the sweet orange varietal effect on the woolly whitefly population as well as the impact of entomopathogenic fungi on the woolly whitefly population. Furthermore, the environmental factors affecting the abundance of woolly whitefly and its fungi were monitored with the aim of developing control strategies that are directed to the more vulnerable stages of the pest. For our studies, the sweet orange varieties used were in full production (about 30 years old) and chosen based on earlier infestation studies. Agege, Bende, Pineapple and Valencia Late sweet orange varieties arranged in a randomised complete block design and replicated four times in a portion of a citrus orchard were studied. The varietal effect on woolly whitefly infestation and the impact of its natural enemies Aschersonia spp. (entomopathogenic fungi) were assessed for two years.
Materials and methods
Three candidate trees aligned next to each other were selected per variety, tagged and used throughout the study. The trees had not been treated with pesticides for 3 years. The phenology of the woolly whitefly and its colonisation by the fungi Aschersonia spp. was monitored from January to December during the two years of investigation by sampling 24 leaves per tree at 14-day intervals; there were four replicates per variety, thus totalling 96 leaves sampled per variety. This aspect involved counting eggs, nymphs (including pupae that are the 4th nymphal instars) and adults of the woolly whitefly in detached leaves. For each tree, leaves were sampled at four points along the circumference of the canopy from the outer and inner portions of a branch (i.e., 6 leaves per twig). For each tree, sampled leaves were detached, put in separately labelled paper bags and taken to the laboratory for whitefly and infected nymph population counts using a binocular stereomicroscope. Whitefly stages were distinguished following the description of Gill [14] . Average monthly precipitation, relative humidity and temperature were collated for the period of study by the meteorology station at NIHORT.
Data on woolly whitefly population counts and number of Aschersonia-infected nymphs were transformed using square root transformation (x + 0.5) 0.5 . The percentage of colonised A. floccosus was estimated as:
Each set of data was subjected to ANOVA. Means of significantly different tests were separated by applying Student-NewmanKeuls tests using SAS software [15] . Correlation analysis was computed between the population of woolly whitefly nymphs and level of infection by Aschersonia spp. Correlation and multiple regression studies were also done for the relationship between the populations of various whitefly developmental stages, its entomopathogenic fungi and weather factors. These included rainfall, relative humidity and temperature. All statistical tests were judged significant at P ≤ 0.05. 
Means in the same column followed by the same letters are not significantly different (P > 0.05) using Student-Newman-Keuls tests.
V.C. Umeh and A. Adeyemi [16] . This was attributed to physical barriers caused by the corium of the egg against the proteases produced by the entomopathogenic fungi [17] .
Results and discussion
It has been reported that many fungi infect the whitefly complex [10] , especially fungi belonging to Deuteromycetes or Coelomycetes. These fungi can infect and kill different whitefly stages and reproduce mainly by asexual spores (conidia). They can be cultured in artificial media, and thus have great potential as biological control agents in Integrated Pest Management [16, 18, 19] .
Woolly whitefly egg and nymph populations were high in January and February 2006 (5.5 and 3.5 individuals per leaf, respectively, on average). These populations started declining and became very low from April-August (rainy season). Thereafter, the population of eggs and nymphs began to rise notably again in September and increased steadily until December (dry season) ( figure 1) . In 2006, the adult woolly whitefly population followed the same trend as observed with the other stages; its population rose from January with 1.3 adults per leaf to March with 3.3 adults per leaf (dry season) and declined steadily until May. The population remained low (but not as low as those of the eggs and nymphs did) up to November when it increased drastically during the dry season. The dynamics of the Aschersonia spp. population (manifested as number of infected nymphs) followed the same trend as nymphal population. Aschersonia level was high from January to April (dry season), followed by a period of general decline from May to October, and then a gradual increase until December 2006 ( figure 1) .
In 2007, relatively higher A. floccosus egg, nymph and adult populations as well as Aschersonia level of infection were observed in January compared with populations of 2006. This was in continuation with the increases observed from November 2006. Due to the presence of high populations of whitefly adults in January, the number of eggs and nymphs per leaf increased slightly in March ( figure 1) . Many generations may be observed in a year depending on environmental conditions. In 2007, the populations of eggs, nymphs and adults of A. floccosus started declining after March; egg and nymphal populations became generally very low on leaves between June and September with a corresponding low level of fungal infection (figure 1) . Thereafter, a gradual increase in the various stages of woolly whitefly and fungi was observed until December. These results corroborate those obtained in 2006 and earlier surveys carried out on the spiralling whitefly Aleurodicus dispersus Russel (in central Nigeria) [4] . Similarly, the seasonal distribution of A. dispersus reported by Rashid et al. [11] showed a peak infestation period of December to February and a decline period of April to August.
Generally, our results showed that weather factors such as rainfall and relative humidity influenced the woolly whitefly population. This was similar to results reported by Rashid et al. [11] . Correlation studies between the populations of various developmental stages of the woolly whitefly and its fungi and monthly precipitation or relative humidity showed significant negative relationships (table II) . These relationships were more pronounced, with significantly higher levels in 2007 (r = -0.76948 to r = -0.8819) than in 2006 (r = -0.38334 to r = -0.77372) (table II), probably due to increase in the incipient populations during the 2007 dry season. Changes in rainfall level influence A. floccosus and A. dispersus populations [11, 12] . The rains tend to affect whitefly developmental stages and thus reduce population, while the favourable breeding conditions of the dry season result in population increases.
The high relative humidity recorded during the 2006 and 2007 periods followed the same trend of negative influence on the populations of woolly whitefly and fungi as rainfall did, with significant coefficients of (table II) . These results were similar to those of Gerling et al. [20] in which significant fluctuations due to extreme relative humidity, both high and low, were unfavourable for the survival of immature stages of whiteflies.
Temperature (which ranged from 24.8°C to 29.1°C) did not significantly (P > 0.05) influence the population of various woolly whitefly stages. The coefficients of correlation r ranged from 0.070365 to 0.469008 in 2006 and 2007 (n = 12, P > 0.05). This result was similar to that of Miklasiewicz and Walker whereby temperature played a major part in regulating the population of woolly whitefly parasites rather than the woolly whiteflies themselves [13] . When the various weather factors were entered into multiple regression analyses with the various developmental stages of the woolly whitefly and its fungi, significant correla- ure 2) . There was no significant difference among the percentages of colonised whitefly in the four varieties assessed. However, there was a linear positive relationship between the population of whiteflies and the level of its colonisation by Aschersonia spp. in 2006 (r = 0.8516, P < 0.001, n = 12) and 2007 (r = 0.7989, P < 0.01, n = 12). It indicates that, when there is a high A. floccosus population, Aschersonia spp. colonisation of the population remains high. This relationship is beneficial if Aschersonia is to be considered as a biological control agent. Further population reduction may need the complement of other natural enemies. These include predators [21] and parasitoids (parasitic wasps) such as Encarsia and Eretmocerus spp. [10] , which have shown promise in the control of many species of whiteflies including the woolly whitefly [22] . 
Conclusion
Sweet orange varieties had no significant effect on the population of woolly whitefly. Weather factors, which included rainfall and relative humidity, negatively affected woolly whitefly populations. The latter decreased during the rainy season and increased during the dry season. Naturally occurring Aschersonia spp. contributed to the reduction of the woolly whitefly populations on citrus. The maximum 34.5% colonisation of woolly whitefly by Aschersonia spp. found in our study suggests that there is room for the introduction of other natural enemies to further enhance the reduction of the woolly whitefly population.
